For simple models of the movement on a fault during an earthquake the temperature on the fault plane is shown to reach the melting temperature for short periods if the slip is sufficiently large. The displacement required to produce melting depends on the magnitude of the regional stress and also on the friction stress. If both stresses are one kilobar melting can occur for displacements as small as one millimetre. If, however, both stresses are ten bars melting is impossible for any observed displacement. It is estimated that the width of the melted zone could be between 2 mm and lcm.
Introduction
Though most seismologists now believe that major earthquakes are produced by relative motion between tectonic plates, little progress has yet been made in the problem of earthquake prediction. If the thickness of the elastic layer and the rate of motion between adjacent plates are known, then the mean rate of strain release by earthquakes can be estimated (Brune 1968) . Two remaining problems are predicting when the strain release will occur, and how much of the accumulated elastic strain will be released when an earthquake does take place. This paper is concerned with the second of these problems, and proposes that large earthquakes may release all the accumulated strain by lubricating their fault planes with molten rock. This process has been mentioned by several authors (Jehu & Craig 1923; Scott & Drever 1954; Brune 1970) , and Ambraseys (1969) has made some calculations similar to those below but requiring that the motion should not produce melting on the fault plane.
The processes which occur on a fault plane while the two sides are in relative motion cannot easily be studied while slip is occurring. Though it is possible that observations could now be made from which such knowledge could be obtained, no such information is at present available. It is particularly important to know whether a fault plane is covered with a film of molten or heat-weakened rock during an earthquake. Such a film could be produced by frictional heat generated between the 66 Dan McKenzie and James N. Brune two sides of the fault, and if formed might cause the shear stress across the fault to become small and thus cause almost all the strain energy stored in the surrounding rocks to be released.
If this is the case for large earthquakes, it would provide an important constraint on calculations of the state of regional strain after the shock. The strain state at later times could then be better estimated from knowledge of the relative velocity between the tectonic plates concerned.
It is important to distinguish between two different types of melting which can occur on a fault plane. Though both are the result of heat released by friction, there is an essential difference between their resultant effect on the final stress state. The first type of melting has been studied in some detail by Bowden and his co-workers (Bowden & Tabor 1950 ) in a long series of elegant and simple experiments, and takes place when two solids in contact slide past one another. They realized that the reason why the friction between two bodies in contact is proportional to the normal force, and not to the areas in contact, is because no surfaces are flat. Two flat surfaces which appear to be in contact in fact only touch at the tips of points which exist on any surface and which Bowden called asperities. When a normal force is applied the force is transmitted through the asperities, within which the yield stress is exceeded. The area of contact between the two surface is therefore increased until the stress in the asperities is equal to the yield stress of material involved. When sliding takes place the friction is indeed proportional to the real areas in contact, and this in turn is proportional to the normal force. The usual law of friction
where F is the frictional force, p the coefficient of friction and N' the effective normal force, is therefore the result of microscopic plastic yield. One interesting and obvious consequence of this explanation is that (1) will cease to apply when the normal force exceeds some function of the yield stress, since the area in contact will then be independent of the normal force. This argument shows that (1) will not describe the friction across faults on which many earthquakes occur, since at depths greater than about 3 km both surfaces must be in contact everywhere.
Bowden also investigated what happened to the asperities when sliding occurred between the surfaces in contact. He used thermo-electric emfs to measure the temperature at the points in contact, and discovered that melting of the metal with the lower melting point took place for rather modest sliding rates and normal loads (50Ocms-'). He also demonstrated that, for a given stress and slip rate, the temperature rise was proportional to K-*, where K is the thermal conductivity of the material, and that the temperature never exceeded the melting point. This result agrees with his own and Jaegar's (1942) theoretical calculations. In the case of glass rubbing against steel Bowden observed small bright hot spots where contact occurred and showed from the spectrum of the light emitted that the temperature of these spots was about 900 "C. This temperature is sufficient to soften the glass.
None of Bowden's experiments produced a molten film covering the surfaces in contact. The melting was restricted to regions close to the asperities, and when these asperities had been destroyed, the new points of contact were initially cold and were then heated until they softened or melted. It is clear that a continuous molten film can only be formed if the rate of working is smcient to maintain the whole surface in contact at the melting temperature. Under these conditions the rate of energy production can be obtained from the product of the apparent area of contact, the slipping velocity and the shear stress. Asperities can be ignored, even though their desctruction may be the microscopic mechanism for the conversion of mechanical work into heat. It is therefore straightforward to obtain the conditions which must be satisfied before earthquakes can produce a continuous film of molten rock on the fault plane.
Calculations
The simplest model for an earthquake consists of two half spaces which slide past one another with a velocity li which is a function of time, to. This model assumes that heat only flows at right angles to the fault surface, a good approximation since we shall only be concerned with a region within a few metres of the fault plane at the most, A more important assumption of the model is that slip is restricted to one surface. Though slip at depth may well be conlined to a single surface, this is rarely the case where surface breaks can be examined, and a discussion of the breakdown of this condition is therefore necessary, though all calculations are carried out for the simple case of two sliding half spaces. Since the problem is one-dimensional the equation governing the temperature in either half space is where p and C,, are the density and specific heat of the rock on either side of the fault, K = k/pCp is the thermal diffusivity, and H ( x , t) is the rate of heat generation by shearing forces within a unit volume. At first sight the convection of heat should be included in (2), but since the problem is one dimensional and the motion is parallel to the fault, the heat convection term is identically zero. The initial conditions are T = O and H = O , t < O .
(3) The solution to (2) may be written down using the Green's function for this equation (Morse & Feshbach 1953, p. 861) We confine our interest to models where the stress heating is restricted to a plane, when 6(xo) is the Dirac delta function, and is of value a~ when xo = 0,O when xo # 0 and Im 6(xo)dxo = 1. a, is the frictional shearing stress between the sides of the fault, and u(to) the relative velocity between the two sides. We discuss the solution of (4) for two different functional forms for P(to). The fhst of these, Case A, is
is the shear wave velocity, a the difference between the total shearing stress, no, and of, and p the shear modulus of the rock. This is the simplest type of slip considered by Brune (1970) and represents a fault slipping with constant velocity for a time tl. The other case, B, we shall consider is also discussed by Brune (1970) : Clearly any expression can be substituted into (4) and integrated, if necessary by numerical techniques.
In practice neither (6) nor (7) will provide a good description of the slip velocity if melting occurs, since the formation of a molten layer will change the available accelerating shear stress from a to a value close to ao, the total shearing stress. Therefore the motion will accelerate very rapidly once melting begins, and the onset of melting can act as a triggering mechanism to release strain which would otherwise remain after the earthquake. These complications need not be considered in the analysis, since it is designed to discover the conditions required for melting to begin. Once melting begins the temperature on the fault is maintained at the melting temperature by the motion, and (6) and (7) cease to apply. The altered boundary condition is discussed later. The purpose of the analysis below is to obtain some understanding of the factors which govern the temperature on the fault plane rather than to solve the most realistic case possible. For this purpose (6) and (7) are adequate. Substitution of (6) into (4) gives
--It is convenient to scale the temperature, time and distance to make (9) the same for all faults by substituting: Melting on fault planes integration by parts then gives
or the same solution as for ti(to) = 6(to). This result shows that the temperature distribution long after slip has ceased is unaffected by the details of the movement. The temperature distribution given by (12) is shown in Fig. l(a) . The discontinuity in dT'/ax' at x' = 0 can only exist while heat is being generated by slippage, and vanishes when t' > 1. Substitution of (7) into (4) followed by
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Substituting
(1 5) becomes Melting 011 fault planes 71 careful evaluation of the limits and uses of series expansions reduces (17) to
where z=- The last result we need is an expression for the envelope of the temperature for large t'. Differentiation of (13) with respect to t' with x' held constant shows that the maximum value of T' for any x occurs when:
The obvious shortcoming of this analysis is that all the calculations depend on the absence of melting, yet we wish to discuss the width of the melted zone and how long it remains molten. This shortcoming may be avoided by changing the boundary condition on the fault surface from constant heat flux to constant temperature, TM when melting begins. Such a change of boundary conditions avoids discussing the dissipation mechanisms in the molten film and the effect of the latent heat of the rock on its thickness. These two processes must control the behaviour of the melted layer, but any attempt to include them in the calculation would require many more parameters whose values are unknown, and would therefore not lead to any better understanding of the problem. However, the simple procedure of changing the temperature boundary condition will not accurately predict the temperature structure and in particular the width of the melted zone. If the melted rock forms a continuous film on the fault plane a, will be greatly reduced and the acceleration of the rock will increase markedly. The molten film in this case is unlikely to solidify until motion on the fault ceases, and therefore the correct boundary condition to apply is zero heat flux when sliding ceases. This sequence is best modelled by Case A and by the boundary conditions (21) below. If, however, melting occurs but the molten rock does not form a continuous film but collects in pockets there will be much less reduction in the frictional stress, and melting may cease before the slip ceases. This behaviour is shown by Case B obtained from the boundary conditions (22). Though the boundary conditions (21) are probably more realistic for earthquakes which produce a considerable molten film, the differences between the two cases are not great. For Case A the boundary conditions then become where TM' is the dimensionless temperature at which melting begins. These boundary conditions are known as mixed boundary conditions, since they apply to T' at certain times and dT'/ax' at others. Such problems are difficult to solve analytically. Moreover the time at which the boundary conditions change is governed by the temperature rather than the time, which causes additional problems. Therefore a numerical scheme was used to obtain solutions. Substitution of (10) (24) has the curious property that its accuracy may be changed from second order in Ax to fourth order by the correct choice of At. The property becomes apparent when (24) is expanded using a Taylor Series 
--
The second term on the right-hand side vanishes if At = Ax2/3, a condition which also satisfies (25). All calculations (Fig. 2) were carried out with this choice of At and with Ax = 0.1. The results agreed with the analytical calculations in Fig. 1 to within 0.1 per cent. Note that since (6) and (7) no longer hold there is no simple relation between temperature and displacement, and D must be interpreted as a lower limit to the actual displacement.
The principal effect of the boundary conditions (21) and (22) is to reduce the width of the melted zone. Clearly no finite volume of rock can reach the melting point, since the temperature on both sides of the fault must everywhere be less than TM'. If, however, we define the melted region to be that within which the temperature exceeds O-9TM' its thickness is then finite. The thickness of these regions are given in the figure captions, and for TM' = 0.2 are about an order of magnitude less than those obtained from Fig. 1 . These calculations probably place upper and lower bounds on the width of the melted region when melting occurs. The width clearly cannot exceed that obtained from Fig. 1 , but is unlikely to be as thin as that given for which they apply.
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Dan McI(ende and James N. h e by Fig. 2 because the molten rock will collect in pockets on the fault and permit unmolten rock to remain in contact in certain places, (Fig. 3) . The main difference between the temperature distributions in Cases A and B occurs when the distance through which the fault slips is large, or in Fig. 2 when TM' is 0.2. The heat transferred to the rocks on either side of the fault is considerably greater in Case B than in Case A, and hence the melted region is somewhat more extensive. It is now simple to obtain the conditions which must be satisfied before an earthquake can produce a molten film, and also to estimate the thickness of such a film. From the point of view of the calculations in the last section earthquakes which do not cause melting, and in this way change a,, differ only in their associated values of D provided they occur in the same region. The temperature is not a function of t i , or z, except in so far as these parameters depend on D through (8). All parameters except a, and a depend little on the location of the earthquake, and reasonable values are Clearly the magnitude of the shearing and frictional stress in any region controls whether or not melting occurs. There are two physical reasons for this. The first is that the frictional heat generated by sliding increases as a,. The second is that the time taken for the slip to occur govctns the distance that heat can diffuse away from the fault plane during the time the fault is moving. If a is large the time taken to slip is small and therefore less of the rock need be heated before melting starts. The values in Table 1 show that melting will not occur if both a, and a are 10 bars or less, but can take place in very small shocks if the stresses are 1 kilobar. Of course if the rocks on the fault zone ale already at a high temperature the additional heating and corresponding slip required will be decreased.
The above calculations assume the slip is confined to a plane, a condition unlikely to be satisfied in nature. It is therefore of interest to estimate the thickness over which slip may spread and still produce melting. A large earthquake often produces 5 m of slip on a fault, and substitution into (29) shows that the dimensionless melting Melting on fault planes Table 1 Case A temperature TM' is 0.2. It is clear from Fig. l(a) and (b) that this temperature is not exceeded at distances greater than x' = 1.5 from the fault plane. Assuming u = a, = 100 bars substitution into (29) shows that the slip must therefore be confined to a zone no thicker than 1 cm if melting is to occur.
75
If melting does occur then the curves in Fig. 1 no longer apply since the boundary condition on the fault becomes one of constant temperature rather than temperature gradient. The resultant corresponding curves in Fig. 2 are not the same for all values of D, and therefore the temperature distribution if melting does occur depends on the value of D. If Q = a, = 100 bars, the curves for TM' = 0.2 correspond to a value of D of 5 m, and melting starts after 1 s and lasts until 15 s after slip started in Case B, but only 6 s in Case A. As mentioned above D in this situation no longer can be interpreted as the actual displacement, but is rather a lower limit on the displacement. The greatest thickness of the melted zone, defined to be the region within 90 per cent of TM', occurs in Case B and is 0.15 cm. This value is probably a lower limit since the grain size of most rocks is between 0.1 cm and-0.5 cm and the thickness of the region over which slip occurs is unlikely to be less than the mean grain diameter. Thus in these models the melted (or near molten) zone for the largest earthquakes is likely to be between 0.2 and 1 cm thick, and to remain molten for perhaps 10 s.
These examples show how Figs 1 and 2 may be used to estimate various parameters of interest. It is clear from this discussion that melting on a large scale may occur during large earthquakes depending on the width of the shear zone, the relative slip between the sides of the fault and the frictional forces existing. Since there are no measurements of the temperature on a slipping fault at present no direct test of the above theory is possible. There are, however, two tests which may be applied. The first depends on recognizing melted rock on ancient faults, and the second on the change in the efficiency of earthquakes in converting elastic strain into radiated energy when the fault plane is lubricated by a molten film.
Mylonites and earthquakes
Many large inactive faults are marked by a sheet of fine grained dark flinty rock. The origin of this rock was first recognized by Lapworth (1885) in the Scottish highlands, who called it a mylonitc. He recognized that the fabric of such rocks showed that they had at one time flowed and believed that they were formed by grinding of one side of the thrust against the other. Similar rocks have been described by Christie (1960) from the Moine Thrust-Zone, and by Jehu & Craig (1923) from the Outer Hebrides and are now known to be a common feature of the major mobile belts.* In thin section mylonites have various curious features. Though they show unmistakable signs of having flowed, they now consist of a mozaic of interlocking crystals, commonly dominated by quartz, which shows little sign of mechanical deformation. The quartz crystals themselves are often only weakly strained. This texture is more easily explained by recrystallization than by grinding, and this interpretation is strongly supoprted by some remarkable rocks found by Scott in the Nepalese Himalayas (Fig. 3) . Unlike tbe Highlands of Scotland, the Himalayas are still actively being deformed by large thrusts (Fitch 1970 ) and therefore should show mylonites at an earlier stage of their development. Scott observed bubbly glass on one major thrust plane (Scott & Drever 1954) whose mean thickness was about 2 cm, and which showed the same type of flow structure exhibited by older mylonites (Fig. 3) . In this section the flow structure of these rocks is the result of recrystallization, or perhaps the growth of very small crystals remaining in the glass after its formation. These observations strongly suggest that mylonites may be produced by recrystallization of glass formed on fault planes by melting during large earthquakes. The thickness of the glassy layer agrees well with the estimates above. Older mylonites probably lack bubbles because they were formed under a very much greater overburden of rock than those in Nepal. Slow devitrification at shallow depths is required to explain the rarity of volcanic glass in Pre-Tertiary rocks compared to its present rate of eruption. The same process can account for the recrystallization of glass on fault planes.
Seismic efficiency
Another test of the above hypothesis will come from the study of spectra of seismic waves from earthquakes, and in particular from determination of the energy balance between potential elastic energy, seismic wave energy and frictional heat generation. These studies are currently underway and have not yet yielded definitive results.
One of the parameters commonly determined for earthquakes is stress drop. This parameter may be determined from seismic waves or independently from geodetic field measurements of permanent ground deformation. Stress drops determined for large earthquakes are commonly in the range of 30-200 bars. There is evidence that stress drops are considerably smaller for smaller earthquakes, and if this is so it might be explained as a change of efficiency going from a condition where the fault plane does not melt for small earthquakes to a condition of fault plane melting for larger earthquakes, but the evidence for this is not conclusive. The lack of an observed heat flow anomaly over the San Andreas Fault (Brune, Henyey & Roy 1969) can be used as an argument for fault lubrication resulting from fault melting.
Melting by fault creep
It is interesting to speculate whether premonitory creep might induce melting and thereby trigger a large earthquake. Creep corresponds to a very low value of Q but a high value of of. From Table 1 we see that for a high value of of of 3 kilobars and for Q = 0-1 bar, about 25 cm of slip are required to induce melting (i.e. raise the temperature loo00). A value of Q = 0.1 bar corresponds to slip velocities of about 0-2 cm s-(equation 6). This is considerably faster than the highest creep slippages observed (-10-3cms-1, Tocher & Nason, private communication) and thus it is * These rocks are also sometimes known as pseudotachylytes, but Shand's (1916) observations of the field relationships of South African pseudotachylytes do not show any evidence for large scale shearing. We therefore prefer the name mylonite for rocks showing melting. not likely that creep episodes of the type observed by Tocher (1960) are sufficient to induce melting. Of course it is possible that on a particular section of the fault the temperatures may be so close to melting from the normal geothermal gradient that only a very small increase of temperature is necessary to induce melting, but this is unlikely to be the case in general. Another possibility is that because of low rigidity surface sediments the actual creep slippage velocities are much greater at depth than they appear at the surface.
Temperature measurements after a large earthquake Equation (1 3) indicates that after moderate to large earthquakes fault plane heating could be observed by drilling to intersect the fault plane at a depth of a kilometre or so within a few months to a year from the time of slip. For example, one year after the fault the temperature would still be raised about 0.25 "C within 10 metres of the fault. Such measurements might therefore still be carried out in a borehole drilled through the slip plane of the San Fernando earthquake, and should certainly be planned for future large earthquakes.
Conclusions
Simple energetic arguments show that moderate or large earthquakes could melt the rock within about a centimetre of their fault planes. Geological arguments support such melting in certain cases and if it does occur in general the problem of estimating the state of stress following earthquakes may be somewhat simplified. A drill hole through the fault plane following a moderate to large earthquake might be sufficient to test these calculations.
